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ABSTRACT
Chlorine dioxide, a stronger oxidizing agent, is effective against a broad spectrum of
microorganisms. This study evaluated the efficacy of chlorine dioxide on reducing Salmonella, E.
coli O157:H7, and Listeria monocytogenes on sweet potato (aqueous ClO₂), strawberries and
blueberries (gaseous ClO₂). Sweet potatoes inoculated with multi-strain cocktails of each bacterial
pathogen (107 CFU/cm²) were treated with 5 ppm aqueous ClO₂ or water for 10, 20, and 30
minutes. Strawberries and blueberries spot inoculated with multi-strain cocktails of each bacterial
pathogen (107 CFU/g) were treated with gaseous ClO₂ sachets (63 mg/l for strawberry and 30 mg/l
for blueberry) for 1, 2, and 3 hours. Aqueous ClO₂ treatment significantly (P<0.05) outperformed
water treatment after 20 minutes, reducing Salmonella by 2.14 log CFU/cm² compared to 0.93 log
CFU/cm² for water treatment. Similar results were observed for Listeria monocytogenes with a
1.98 log CFU/cm² reduction after 30 minutes treatment with aqueous ClO₂ compared to 0.49 log
CFU/cm² for water treatment. However, no significant difference in E. coli O157:H7 counts was
observed between samples treated with aqueous ClO₂ and water after 30 minutes of treatment.
Pathogens were not recovered from ClO₂ wash solutions while water treatment wash solutions had
pathogen levels from 3.47 to 4.63 log CFU/ml. Gaseous chlorine dioxide (ClO₂) treatments on
strawberries reduced E. coli O157:H7, Listeria monocytogenes, and Salmonella spp. levels by
2.0±0.83, 3.5±0.18, and 2.9±0.20 log CFU/g, respectively within 3 h. For blueberries, after three
hours of treatment, levels of E. coli O157:H7, Listeria monocytogenes, and Salmonella spp. were
reduced by 2.3, 2.1±0.28, and 2.2±0.63 log CFU/g, respectively. E. coli O157:H7 and Salmonella
spp. reduction were similar for both strawberry and blueberry samples treated with ClO₂ gas,
however, some variation was observed in reduction of Listeria monocytogenes between 2 and 3 h
treatment. Control treatments reported insignificant reductions for all pathogens, averaging at 0.20
log CFU/g of pathogen reduction. The findings of these studies indicate that ClO₂ is effective in
vi

reducing pathogens on produce surfaces as well as controlling cross-contamination during postharvest sanitation.
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1. INTRODUCTION
Growing global populations have greatly increased the demand of wholesome fresh
produce (GAO 2002). However, fresh produce has been implicated in foodborne outbreaks
globally with common vehicles for pathogenic cross-contamination found in soil, irrigation water,
and post-harvest handling of produce (Lynch et al., 2009). Within the United States, the CDC has
determined 190 cases of fresh-produce associated foodborne outbreaks from 1973 to 1997
(Sivapalasingam et al., 2004). Pathogens associated with the outbreaks include varieties of
Salmonella, E. coli O157:H7, and Listeria monocytogenes (Beuchat, 1998). Without proper
sanitation and cross-contamination control during washing, storage, and transport, fresh produce
becomes a food safety risk (Suslow et al., 2003).
Chlorine dioxide (ClO₂) ₂ is a powerful oxidizing agent with 2.5 times the oxidizing
capacity as the common industry sanitizer, Cl₂ while maintaining its efficacy at a wide pH range
(Benarde et al., 1965). Despite having similar sanitation efficacy as chlorine-based sanitizers, ClO₂
requires substantially lower concentration to reduce pathogen populations on produce surfaces.
Aqueous ClO₂ has been shown to control the cross-contamination of Salmonella, Escherichia
coli O157:H7, and Erwinia carotovora during washing produce (Pao et al., 2009; Tomas-Callejas
et al., 2012). E. coli O157:H7-inoculated iceberg lettuce leaves treated with 5 ppm aqueous ClO₂
resulted in 1.98 CFU/g reduction after 10 min treatment (Kim et al., 2008). After 30 min of aqueous
ClO₂ treatment, green peppers treated with 1.24 mg/L aqueous ClO₂ exhibited a 6.45 log CFU/g
reduction in E. coli O157:H7 (Han et al., 2000).
Mold growth, which may still occur on berries treated with aqueous sanitizers,
reduces the shelf life as well as desirable sensory qualities of delicate produce such as strawberries
and blueberries (FDA, 2014). Gaseous ClO₂ is a viable alternative to aqueous sanitation,
demonstrating strong efficacy in reducing E. coli O157:H7, L. monocytogenes, Salmonella spp.
1

and spoilage microbes on fresh strawberries, berries, raspberries, apples, green peppers, and lettuce
leaves (Han et al., 2000; Han et al., 2001; Du et al., 2003; Lee et al., 2004; Sy et al., 2005; Wu and
Kim, 2007). However, many past studies utilized the treatment model of high concentration and
short treatment duration to achieve pathogen level reductions of ≥3 log CFU/g. This model may
not be a viable industry standard, especially for small producers due to high equipment prices and
need for specialized personnel. Gas-permeable sachets with dry ClO₂ producing reagents may be
a cheaper alternative that uses the inverse model of low concentration sanitation over a longer
treatment duration. This method does not require expensive chambers or machinery and be used
during both processing and transport.
The research objectives of the following studies were to evaluate the efficacy of chlorine
dioxide in its aqueous form in reducing Salmonella, E. coli O157:H7, and Listeria monocytogenes
on sweet potato surfaces and to evaluate the efficacy of chlorine dioxide in its gaseous form in
reducing Salmonella, E. coli O157:H7, and Listeria on strawberry and blueberry surfaces.
Aqueous chlorine dioxide treatment was also evaluated for its efficacy in controlling crosscontamination. Additionally, gas concentrations during gaseous chlorine dioxide treatments were
observed to determine the viability of gas-permeable sachets in maintaining adequate gas
concentrations for the duration of the treatments.
1.1. References
Benarde, M. A., B. M. Israel, V. P. Oliveri, and M. L. Granstrom. 1965. Efficiency of chlorine
dioxide as a bactericide. Journal of Applied Microbiology.13:776–780.
Beuchat, L. R. 1998. Surface decontamination of fruits and vegetables eaten raw: A review. Food
Safety Unit, WHO, Report WHO/FSF/ FOS/ 98(2): 1-49. World Health Organization,
Washington, DC. Available from http://www.who.int/foodsafety/publications/fooddecontamina tion/en/. Accessed September 2018.
Du, J., Han, Y., and Linton, R.H. 2003. Efﬁcacy of chlorine dioxide gas in reducing Escherichia
coli O157:H7 on apple surfaces. Food Microbiology. 20: 583-591.
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pepper surfaces. Food Microbiology. 17: 521-533.
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on Green Peppers (Capsicum annum L.) by Gaseous and Aqueous Chlorine Dioxide and
Water Washing and Its Growth at 7°C. Journal of Food Protection. (64). 11: 1730-1738.
Kim, Y.-J., Lee, S.-H., Park, J., Park, J., Chung, M., Kwon, Chung, K., Won, M., and Song, K.B.
2008. Inactivation of Escherichia coli O157:H7, Salmonella typhimurium, and Listeria
monocytogenes on Stored Iceberg Lettuce by Aqueous Chlorine Dioxide Treatment.
Journal of Food Science. 73:9.
Lee, S.Y., Costello, M., and Kang, D.H. 2004. Efficacy of Chlorine Dioxide Gas as a Sanitizer of
Lettuce Leaves. Journal of Food Protection. 67(7): 1371-1376.
Lynch, M.F., Tauxe, R.V., and Hedberg, C.W. 2009. The growing burden of foodborne outbreaks
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137:307-315.
Pao, S., Kelsey, D.F., and Long III, W. 2009. Spray Washing of Tomatoes with Chlorine Dioxide
To Minimize Salmonella on Inoculated Fruit Surfaces and Cross-Contamination from
Revolving Brushes. Journal of Food Protection. 72:2448-2452.
Sivapalasingam, S., Friedman, C.R., Cohen, L., and Tauxe, R.V. 2004. Fresh Produce: A Growing
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of Food Protection. 67:10. 2342-2353.
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and Busta, F. F. 2003. Production practices as risk factors in microbial food safety of fresh
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Sy, K.V., McWatters, K.H., and Beuchat, L.R. 2005. Efﬁcacy of Gaseous Chlorine Dioxide as a
Sanitizer for Killing Salmonella, Yeasts, and Molds on Blueberries, Strawberries, and
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Tomas-Callejas, A., Lopez-Galvez, F., Sbodio, A., Artes-Hernandez, F., and Suslow, T.V. 2012.
Chlorine dioxide and chlorine effectiveness to prevent Escherichia coli O157:H7
and Salmonella cross-contamination on fresh-cut Red Chard. Food Control. 23:325-332.
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2018
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2. LITERATURE REVIEW
2.1.

Food safety risks associated with fresh produce
The demand for fresh produce has steady increased in the past few decades both in the

domestic and international markets (GAO 2002). However, many foodborne outbreaks are linked
to the consumption of fresh produce. Foodborne illness affects 9.4 million Americans every year
(FDA, 2011). The CDC reported 190 cases of foodborne outbreaks from 1973 to 1997 implicating
fresh produce (Sivapalasingam et al., 2004). Common vectors for pathogenic cross-contamination
of fresh produce include soil contamination due to poor composting practices or animal feces,
irrigation water from contaminated sources, workers with poor hygiene handling produce during
harvest, contaminated wash water during processing, packing produce with deleterious substances,
unsuitable transport environments, and end consumers (Lynch et al., 2009). Domestic demand for
foreign produce contributed to the passing of the 2011 Food Safety Modernization Act (FSMA)
Produce Safety rule, necessitating strict food safety regulations to ensure wholesome,
unadulterated produce from foreign producers may be sold in the United States (FDA, 2011). The
rationale is to control potential foodborne outbreaks linked to the consumption of fresh produce
through a series of intervention steps during seeding, growing, harvesting, processing, packing,
and transporting (Scallen et al., 2011). Cross-contamination can occur also during produce
washing with water alone. Organic matter buildup and wash water recycled into produce wash
tanks may spread pathogens to uncontaminated produce. Additionally, water washing alone has a
weak impact on reducing pathogens (Wu and Kim, 2007; Allende et al, 2008; Lopez-Galvez et al.,
2009; Lopez-Velasco et al., 2012).
Sweet potato (Ipomoea batatas) production has greatly increased since 2012, producing a
global yield of 105.2 million tons in 2016 with the Unites States growing 1.4 million tons (FAO
2016; Prakash et al. 2018). The sweet potato has been the subject of much scientific and market
5

research and is particularly prized for its excellent nutritive content and crop yield (Prakash, 1994;
Peet, 2001; Low et al., 2007). Both these qualities in particular make the sweet potato a superb
crop for sustainable agriculture and feeding impoverished populations (Prakash, 1994; Peet, 2001).
As a root crop, the sweet potato is susceptible to cross-contamination via pathogens found in soil
(Islam et al., 2005). During processing, sweet potatoes may contribute to cross-contamination in
wash solutions due to loosened soil greatly increasing the organic matter in wash tanks, especially
if wash solutions are recirculated (Gil et al., 2009; Lopez-Galvez et al., 2009). Sweet potatoes pose
a food safety risk if consumed raw without a thermal kill step. The FSMA Produce Safety rule
exempts sweet potatoes under the assumption that the end user eliminates potential pathogens after
cooking (FDA, 2016). Thermal treatment is typically adequate enough for eliminating pathogens
on root crop surfaces. However, baking aluminum foil-wrapped sweet potatoes, a common method
for cooking the root crop, encourages the germination of C. botulinum spores due to the anaerobic
environment created by the enclosing foil, resulting in consumers contracting botulism (Angulo et
al., 1998; Sobel et al, 2004).
Strawberries (Fragaria ananassa Duchesne) and blueberries (Vaccinium corymbosum L.)
are among the most popular fresh produce consumed raw in the United States due to their
abundance of polyphenols, antioxidants, and rich vitamin content (Wang et al., 1996; Kallio et al.,
2000; Azodanlou et al., 2003; Ayala–Zavala et al., 2004; McAnulty et al., 2004; Giacalone et al.,
2011). Both berries are susceptible to mold and fungal growth as well as short shelf life, resulting
in aqueous sanitation being inadequate for maintaining their desired sensory qualities while
reducing contamination (FDA, 2014). Frozen strawberries have been implicated in foodborne
outbreaks globally. In 2016, the Hepatitis A virus linked to frozen strawberry consumption resulted
in 143 individuals contracting the virus across nine states (FDA, 2016). A massive Hepatitis A
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virus outbreak was reported by the European Union, with 1,589 cases of contracted Hepatitis A
linked to the consumption of mixed frozen berries from 2013 to 2014 (Severi et al., 2015). Gaseous
sanitation may be appropriate for sanitizing strawberries and blueberries without compromising
their desired qualities (Sy et al. 2005; Chiabrando et al., 2018).
2.2.

Conventional chlorine-based sanitation
Chlorine is the most common sanitizer used in the produce industry. Sodium hypochlorite

(NaOCl), one of the most commercially available forms of chlorine, dissociates in pure water,
forming hypochlorous acid (HOCl) and hypochlorite ion (OCl⁻) with HOCl achieving a greater
ratio below pH 7 and OCl⁻ achieving a greater ratio above pH 7 (Gordon and Tachiyashiki, 1991).
The stability of chlorine is dependent on increasing the pH level, increasing the formation of
hypochlorite ion whereas decreasing the pH level increases the formation of hydrochlorous acid
and subsequently, toxic chlorine gas (Cl₂) (below pH 4) (Gombas et al. 2017). While both chlorine
compounds are effective sanitizing agents, at equal concentrations, hypochlorous acid is 80 times
more effective than hypochlorite ion. The potency of hypochlorous acid is derived from its ability
to inhibit glucose oxidation in aldolase and other enzymes necessary for carbohydrate metabolism
(Marriot & Gravani 2006).
Hypochlorites, such as sodium (NaClO) and calcium (CaClO) hypochlorites, are
hypochlorous acid salts commonly used for aqueous chlorine-based produce sanitation, capable of
inactivating 90% of microbial populations after 10 seconds of treatment (Marriot & Gravani 2006).
NaClO is a strong oxidizer and disinfectant that can be applied to not only produce but also
processing equipment surfaces (Frank and Chmielewski, 1997). Its powerful yet low operating
cost makes chlorine-based treatments highly attractive as a sanitizer that can be used at all
operation scales. Chlorine treatment is particularly effective in reducing aerobic bacteria on leafy
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vegetables. However, chlorine treatment efficacy diminishes when applied to root crops (Artes et
al. 2009).
The concentration of chlorine, treatment time, point of treatment, washing process, and the
storage temperature have a significant effect on the antimicrobial efficacy of chlorine solutions.
Efficacy increases with increasing available chlorine concentration. Efficacy is dependent on pH,
temperature, concentration, present organic compounds, exposure time, and initial microbial load
(Marriot and Gravani 2006). Chlorine washing must address several issues that may diminish its
antimicrobial efficacy as well as its safety hazards for processors. Chlorine aqueous solutions have
a very narrow pH range of 6.5 – 7.5 to maintain its efficacy (Tomas-Callejas et al., 2012).
However, organic matter reduces the total available free chlorine in the wash solution while
adversely affecting the pH (Boyette et al., 1993). Both factors reduce the antimicrobial efficacy of
chlorine solutions and produce carcinogenic trihalomethanes while generating highly toxic
chlorine gas (Cl₂) (Hua and Reckhow, 2007; Cardador and Gallego, 2012; Ramos et al., 2013;
Gomez-Lopez et al., 2014). The depletion of available free chlorine necessitates frequent
recharging in produce wash tanks, which requires constant concentration and pH monitoring to
maintain antimicrobial efficacy. Sanitizing root crops such as sweet potatoes further exacerbates
NaClO recharging as heavy soil sediments greatly contribute to total organic matter in wash tanks.
Additionally, softer fresh produce such as strawberries and blueberries are prone to mold and
fungal contamination as a result of using aqueous based sanitizers such as NaClO (FDA, 2014).
Alternative sanitation methods are necessary to address current chlorine-based sanitation practices
and reduce future fresh produce-associated foodborne outbreaks.
2.3.

Chlorine dioxide sanitation
Chlorine dioxide (ClO₂) is a strong oxidizing agent with 2.5 times the oxidizing capacity

of conventional chlorine sanitizers, inhibiting microbial regeneration at much lower concentrations
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(5 ppm ClO₂ vs 200 ppm NaOCl) (Benarde et al., 1965; Suslow, 2000; Carsberg, 2003; Marriot
and Gravani, 2006). ClO₂ is capable of sanitizing a broad variety of microorganisms including
bacteria, viruses, mold, fungi, spores, algae, and protozoa (Troller, 1993). Chlorine dioxide
functions well as a sanitizer at a wide pH range from 3 to 8.5, performing best under alkaline
conditions (Aieta and Berg, 1986; Marriot and Gravani, 2006). Unlike other chlorine sanitizers,
ClO₂ does not facilitate the production of carcinogenic by-products such as trihalomethanes (Aieta
and Berg, 1986; Werdehoff and Singer, 1987; Marriot and Gravani, 2006; Hua and Reckhow,
2007). Chlorine dioxide inactivates pathogens through the oxidation of DNA and RNA, disrupting
protein synthesis and cell membrane integrity (Aieta and Berg, 1986; EPA, 1999; Artes et al.,
2009). Spores also become inactivated with the introduction of ClO₂, weakening spore cell
membranes during germination to prevent further development (Young and Setlow, 2003; Lee et
al., 2004).
Chlorine dioxide has seen applications in many industries and in municipalities. Aside from
produce sanitation, chlorine dioxide is used in municipal water sanitation, paper manufacturing as
a pulp bleaching agent, deodorizer and sanitizer for industrial, military, and medical instruments,
and household disinfectant (EPA, 1999; Han et al., 1999; EPA, 2006; Gomez-Lopez et al., 2009;
Pillai et al., 2009).
Aqueous ClO₂ at 5 ppm exhibited excellent cross-contamination control of Salmonella,
Escherichia coli O157:H7, and Erwinia carotovora in produce wash solutions (Pao et al., 2009;
Tomas-Callejas et al., 2012). L. monocytogenes inoculated on blueberries were reduced by 2.24
log CFU/g after 30 min of 5 ppm aqueous ClO₂ (Wu and Kim, 2007). Han et al. (2000) reduced E.
coli O157:H7 on green peppers by 6.45 log CFU/g when treating pepper samples with 1.24 mg/L
aqueous ClO₂ for 30 min. Gaseous ClO₂ offers similar efficacy to aqueous ClO₂ while also
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providing greater penetrative capabilities to reach small spaces and crevices less accessible in the
aqueous state. Gaseous ClO₂ is particularly suitable for sanitizing soft and delicate produce
surfaces, outperforming aqueous sanitizers in controlling mold and fungal growth (FDA, 2014).
Previous studies have demonstrated strong efficacy in reducing E. coli O157:H7, L.
monocytogenes, Salmonella spp. and spoilage microbes on fresh strawberries, berries, raspberries,
apples, green peppers, and lettuce leaves using gaseous ClO₂ generators (Du et al., 2003; Han et
al., 2000; Han et al., 2001; Lee et al., 2004; Sy et al., 2005; Wu and Kim, 2007).
Chlorine dioxide gas (5 mg/L) achieved approximately 4.3 to 4.6 log CFU reduction of L.
monocytogenes and E. coli O157:H7 inoculated on cantaloupes after 10 min of sanitation,
increasing produce shelf life by 6 days (Mahmoud et al., 2008). Injured green peppers inoculated
with E. coli O157:H7 resulted in 2.33 and 5.75 log CFU/g after 30 min of 0.62 and 1.24 mg/L
gaseous ClO₂ treatment, respectively (Han et al., 2000).
While many studies have examined its nutritive content, few studies have evaluated
different forms of sanitation treatment on sweet potatoes. Demonstrating the efficacy of aqueous
ClO₂ in sanitizing pathogens on sweet potatoes as well as controlling cross-contamination in wash
solutions is necessary to evaluate viability of ClO₂ as an alternative to industry established
chlorine-based sanitation. Likewise, past studies have generated gaseous ClO₂ using high cost
generators, exposing produce to high concentrations of ClO₂ to reduce pathogen levels as quickly
as possible. By treating produce with the inverse model of low gas concentration over a longer
treatment time, new methods may be developed to be more accessible to small producers.
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3. EFFICACY OF AQUEOUS CHLORINE DIOXIDE IN REDUCING
Salmonella, E. coli O157:H7, AND Listeria monocytogenes ON SWEET
POTATOES
3.1. Introduction
The global market of sweet potato has been on the rise since 2012, producing 105.2 million
tons of the crop in 2016 with the United States alone yielding 1.4 million tons (FAO 2016; Prakash
et al. 2018). Europe has been known as the largest importer of the sweet potatoes, especially from
the US. Sweet potatoes are recognized as nutritiously potent crops consumed and researched
globally. (Prakash, 1994; Peet, 2001; Low et al., 2007). The sweet potato is potentially an ideal
and efficient crop for providing sustenance for much of the world and as well as being a viable
crop for sustainable agriculture (Prakash, 1994; Peet, 2001). The majority of sweet potatoes is
produced by developing countries where the usage of raw manure as fertilizer is still common
practice. In addition to pathogens found in raw manure, contaminated irrigation water and wildlife
excrements pose potential threats to soil contamination.
Fresh produce commodities have been subject to numerous foodborne outbreaks in both
the domestic and international markets. With cross-contamination vectors including soil and
irrigation water contamination as well as produce handling by field workers, post-harvest
sanitation is often the most vital step in reducing pathogenic contamination (Lynch et al., 2009)
(Hanning et al., 2009). While fresh-cut produce sanitation has been well-researched, few studies
have highlighted the importance of post-harvest sanitation of root crops. Root crops tend to be
overlooked in favor of minimizing cross-contamination in raw consumption produce. However,
crops grown under soil are vulnerable to harboring pathogens as a result of poor compost practices
and the usage of contaminated irrigation water (Islam et al., 2005). Despite cooking being an
acceptable kill step in eliminating most pathogens, root crops such as sweet potatoes and potatoes
that are typically cooked in sealed aluminum foil, an anaerobic environment, are susceptible to
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botulism as a result of C. botulinum spores germinating during the baking process (Angulo et al.,
1998; Sobel et al, 2004). Additionally, root vegetables such as carrots, beets, radishes, and sweet
potatoes may also be eaten raw, a great food safety risk as no thermal kill step is present to reduce
pathogen populations.
Produce are washed to remove excess dirt and debris from surfaces. However, without a
sanitizing agent in the wash solution, washing will have minimal impact on reducing bacterial
populations (Han et al. 2000) and increases the risk of cross-contamination (Gil et al., 2009; LopezGalvez et al., 2009). Currently, sweet potatoes are sanitized in dump tanks using 100-150 ppm of
sodium hypochlorite (NaClO), a strong chlorine based oxidizing agent readily absorbed in water
(Suslow 2000). However, NaClO suffers from degrading efficacy in the presence of organic matter
(Boyette et al., 1993) and its efficacy is dependent on maintaining a narrow pH range (TomasCallejas et al., 2012).
Chlorine dioxide (ClO₂) is a powerful oxidizing agent with 2.5 times the oxidizing capacity
as Cl₂ and may be an effective alternative produce sanitizer (Benarde et al., 1965). ClO₂ offers
similar sanitation efficacy as chlorine-based sanitizers while requiring far less concentration. At 5
ppm, aqueous ClO₂ has demonstrated cross-contamination control of Salmonella, Escherichia
coli O157:H7, and Erwinia carotovora in washing produce (Pao et al., 2009; Tomas-Callejas et
al., 2012). Blueberries sanitized with 5 ppm aqueous ClO₂ were found to have 2.24 log CFU/g
reduction in L. monocytogenes after 30 min of treatment with further treatment time resulting in
similar levels of reduction (Wu and Kim, 2007). Green peppers treated with 1.24 mg/L aqueous
ClO₂ exhibited a 6.45 log CFU/g reduction in E. coli O157:H7 after 30 min of treatment (Han et
al., 2000). The objective of this study was to evaluate the efficacy of aqueous chlorine dioxide on
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reducing bacterial pathogens (E. coli O157:H7, Salmonella spp., and L. monocytogenes) from
sweet potatoes and its role in minimizing cross-contamination during washing.

Figure 3.1. Sweet potato field in Bastrop, Louisiana.
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Figure 3.2. Beauregard sweet potatoes preharvest.

3.2.

Materials and Methods

3.2.1. Produce Material
Fresh Beauregard sweet potatoes (Ipomoea batatas) sourced from Black Gold farms in
Delhi, Louisiana were stored at 4°C for a maximum of 12 weeks. Sweet potatoes with average
surface areas of 274 cm² - 293 cm² were selected for the experiment.
3.2.2. Bacterial Strains
Several different outbreak strains of S. enterica, E. coli O157:H7, L. monocytogenes as
well as non-pathogenic strain of Enterococcus spp., were used in this study. These pathogenic
strains were provided by Dr. Michelle D. Danyluk at the University of Florida. A cocktail of
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Salmonella enterica (Anatum strain 1715a, Enteritidis PT 30, and Enteritidis PT 9c Strain
RM4635), E. coli O157:H7 (Odwalla strain 223, CDC 658, and H1730), and Listeria
monocytogenes (101M serotype 4b, Scott A serotype 4b, and V7 serotype 1/2a) were used in this
study. All serotypes were routinely grown in tryptic soy broth (TSB) (Hardy Diagnostics, Santa
Maria, CA) at 37°C for 24 h. The bacterial cultures were stored in glycerol (70:30, vol/vol,
culture:glycerol) at -80 °C prior to usage.
3.2.3. Preparation of Inoculum
Frozen cultures were activated in three successive passes and harvested to an initial
inoculum of 8-9 log CFU/ml by following the procedure described by Adhikari et al. (2016). The
tryptic soy broth (TSB) (BD Difco, Sparks, MD) was used for the activation of S. enterica and E.
coli O157:H7 and TSB with 0.6% yeast extract for L. monocytogenes. The cocktail of pathogens
was prepared by mixing 10 ml of each serotype broth into 50 ml centrifuge tubes and vortexed for
2s. Cells were harvested via centrifugation (Allegra X-15R, Beckman Coulter, Indianapolis, IN)
at 6,500 rpm for 5 min and the supernatant was decanted. Cell pellets were washed in 10 ml of
sterile 1X Phosphate Buffer Saline (PBS) (Hardy Diagnostics, Santa Maria, CA), centrifuged at
6,500 rpm for 5 min, and resuspended in 5 ml of sterile 1X PBS. To prepare the inocula, the cell
suspension cocktails were diluted and adjusted to approximately 1 x10⁸ - 10⁹ CFU/ml.
3.2.4. Inoculation of Sweet Potatoes
Sweet potatoes were spot inoculated with 500 µl of the inoculum (1 x10⁸ - 10⁹ CFU/ml).
The inoculum was gradually introduced at a rate of 100 µl aliquots on the upper surface of the
sweet potatoes to minimize inoculum loss from run off. Sweet potatoes were then air dried for 1.5
h inside a biosafety cabinet to allow for bacterial attachment. The initial pathogen level on
inoculated sweet potatoes was 4.2 to 5.7 log CFU/cm².
3.2.5. Preparation of Aqueous ClO₂
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Solutions of 5 ppm aqueous chlorine dioxide (ClO₂) were prepared by diluting concentrated
ClO₂ into 4L of distilled water. Concentration was measuring using DPD Free Chlorine
Colorimetry (HACH DR 900, Loveland, CO). The pH value of the ClO₂ solutions averaged at
8.67. Solutions were sealed inside autoclaved bags within autoclaved buckets prior to treatment.
3.2.6. Aqueous ClO₂ Treatment
Sweet potatoes inoculated with 4.2 to 5.7 log CFU/cm² of S. enterica, E. coli O157:H7, or
L. monocytogenes and noninoculated sweet potatoes were treated with 5 ppm aqueous ClO₂ or
distilled water (control) for 10, 20, and 30 min at 22±1°C. Sweet potatoes were sealed inside
treatment solution autoclaved bags to minimize ClO₂ concentration loss and were agitated for 30s
to ensure treatment contact on sweet potato surfaces.
3.2.7. Recovery of pathogens and Microbiological Analyses
Three additional controls that received no treatment were used in this study. The first
control was conducted with a duplicate of noninoculated, untreated sweet potatoes used to detect
background microbes and potential pathogens. The second control was conducted with two
duplicates of inoculated, untreated sweet potatoes used to determine the initial pathogen levels of
treated samples. The third control was conducted with a duplicate of inoculated, untreated sweet
potatoes used to determine the surviving pathogen levels following the end of the treatments.
Treatment solutions from aqueous ClO₂ and water treatments were sampled for microbiological
analysis. After treatment, inoculated and noninoculated sweet potato samples were aseptically
transferred into a stomacher bag (Nasco Whirl-pak, Fort Atkinson, WI) with 100 ml sterile 0.1%
peptone water (Hardy Diagnostics, Santa Maria, CA). Samples were gently massaged for 2
minutes to dislodge attached pathogens. Serial 10-fold dilutions were prepared in 0.1% peptone
water. Dilutions were spread plated in duplicates on selective media with Xylose Lysine
Deoxycholate agar (XLD) (BD Difco, Sparks, MD) for S. enterica, Sorbitol MacConkey Agar
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(SMAC) (BD Difco, Sparks, MD) supplemented with Cefixime-Tellurite Supplement (CT)
(HiMedia Laboratories, Mumbai, India) for E. coli O157:H7, and Oxford Agar base (BD Difco,
Sparks, MD) for L. monocytogenes. Plates were incubated at 37°C for 24 h. Enumerated colony
results were expressed as log CFU/cm².
3.2.8. Statistical Analysis
The data was analyzed by ANOVA test using SAS with Tukey tests to determine mean
differences (p < 0.05). All treatments were performed in duplicates.
3.3.

Results and Discussion

3.3.1. Effects of aqueous ClO₂ on Salmonella
The effect of 5 ppm aqueous ClO₂ treatment on reducing Salmonella populations seeded
on sweet potato surfaces was investigated with treatment times ranging from 10 to 30 min. A
reduction of 1.67 log CFU/cm2 was achieved within 10 min of aqueous ClO₂ treatment. The
reduction increased to 2.37 log CFU/cm² after 30 min but was statistically similar (P>0.05) (Figure
3.3). Water treatment at all treatment times also achieved statistically similar results (0.92 – 1.44
log CFU/cm2). The water treatment results after 20 min reduced pathogens to similar levels as 10
min of aqueous ClO₂ treatment (1.44 and 1.67 log CFU/cm², respectively).
In a study with iceberg lettuce inoculated with S. Typhimurium, Kim et al. 2008 reported
similar results after 10 min treatment with aqueous ClO₂. Pathogen levels were reduced by 1.64
log CFU/g after treatment with continuous mild agitation, similar to our result of 1.44 log CFU/cm²
after 10 min of aqueous ClO₂ treatment. Likewise, blueberries inoculated with S. Typhimurium
exhibited similar levels of reduction (1.93 log CFU/g) after 20 min of 5 ppm aqueous ClO₂
treatment (Wu and Kim 2007). Tomas-Callejas et al. 2012 treated fresh-cut red chards inoculated
with S. enterica sv. Typhimurium for 1 min using aqueous ClO₂ solution aerated batch agitation
and aqueous ClO₂ solution immersion, resulting in population reductions of 0.88 and 1.53 log
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CFU/g, respectively. Cherry tomatoes inoculated with S. Typhimurium exhibited a 2.53 log CFU/g
reduction after a 5 min treatment using 10 ppm aqueous ClO₂ (Song et al. 2011). Greater pathogen
reductions in cherry tomatoes can be attributed to both greater aqueous ClO₂ concentrations as
well as smooth produce surfaces inhibiting bacterial attachment. The similarity of our results to
treated iceberg lettuce samples may be due to crevices and lesions found on both produces which
may allow for greater pathogen attachment on such surfaces.
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Figure 3.3. Reduction of Salmonella spp. on sweet potato surfaces after 5 ppm aqueous ClO₂
treatment for 10, 20, and 30 min and water treatment at 22±1°C. The data are presented as average
counts ± Standard Error. Different letters on the top of the bar diagrams indicate significant
difference (P<0.05) in between the treatments.
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3.3.2. Effects on E. coli O157:H7
The effect of 5 ppm aqueous ClO₂ treatment on reducing E. coli O157:H7 populations on
sweet potato surfaces was investigated with treatment times ranging from 10 to 30 min. Aqueous
ClO₂ treatments and water treatments achieved statistically similar log reductions (P>0.05) of E.
coli O157:H7 with 20 min of aqueous ClO₂ treatment resulting in the greatest log reduction (1.95
log CFU/cm²) (Figure 3.4). Aqueous ClO₂ treatment beyond 20 min did not yield further reduction.
The results indicate that treating sweet potatoes with aqueous ClO₂ at 5 ppm is no more effective
in reducing E. coli O157:H7 populations than water washing.
Washing alone has shown some reduction of E. coli O157:H7 populations on injured and
uninjured green pepper surfaces. Water washing for 30 min reduced E. coli O157:H7 levels by
1.5-1.7 log CFU on injured surfaces with intact, uninjured samples observing up to 2.4 log CFU
reduction (Han et al., 2000). Likewise, we observed 1.4 – 1.7 log CFU/cm² reduction in E. coli
O157:H7 levels after 10 – 30 min of water washing sweet potatoes. E. coli O157:H7 on injured
green peppers showed stronger attachment to rough and coarse surfaces compared to the smoother,
uninjured green pepper surfaces. All sweet potatoes used in this study were free of lesions, injuries,
and scars, similar to the uninjured green peppers described by Han et al. (2000). With comparable
E. coli O157:H7 log reduction to injured green peppers, we may infer that weak attachment on
uninjured sweet potato surfaces may have resulted in similar data. Iceberg lettuce leaves dip
inoculated with E. coli O157:H7 resulted in 1.98 and 1.46 log CFU/g reduction after 10 min of 5
ppm aqueous ClO₂ and distilled water treatment, respectively, with continuous mild agitation (Kim
et al., 2008). Our results exhibited similar levels of pathogen reduction only after 20 min of
treatment but with little agitation. Lower levels of reduction were found using two different wash,
spray, and dry methods in fresh-cut red chards inoculated with E. coli O157:H7. The produce was
washed for 1 min by aqueous ClO₂ solution aerated batch agitation and aqueous ClO₂ solution
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immersion and observed pathogen population reductions of 0.72 and 0.66 log CFU/g, respectively
(Tomas-Callejas et al., 2012). More potent levels of reduction were found in E. coli O157:H7
inoculated (~6 log CFU/g) apples, whole lettuce, strawberries, and cantaloupes treated with 5 ppm
aqueous ClO₂ where pathogens were reduced to nondetectable levels only after 5 min of treatment
(Rodgers et al., 2004).
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Figure 3.4. Reduction of E. coli O157:H7 on sweet potato surfaces after 5 ppm aqueous ClO₂
treatment for 10, 20, and 30 min and water treatment at 22±1°C. The data are presented as average
counts ± Standard Error.

3.3.3. Effects on Listeria monocytogenes
The effect of 5 ppm aqueous ClO₂ treatment on reducing L. monocytogenes populations on
sweet potato surfaces was investigated with treatment times ranging from 10 to 30 min. Log
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reduction of L. monocytogenes on sweet potato surfaces increased with longer treatment times
(Figure 3.5). Aqueous ClO₂ treatment at 30 min had the greatest effect in reducing L.
monocytogenes (1.98 log CFU/cm²). Similar to aqueous ClO₂ treatment on Salmonella and E. coli
O157:H7 populations, there was no significant difference between water treatment treatment times
on reducing L. monocytogenes populations with water treatment only achieving a reduction of 0.49
log CFU/cm² after 30 min. Though 30 min of aqueous ClO₂ treatment on L. monocytogenes was
statistically superior to other treatments on the pathogen, 20 min of aqueous ClO₂ treatment on E.
coli O157:H7 reduced pathogen levels similarly (1.95 log CFU/cm²).
In a study with iceberg lettuce leaves contaminated with L. monocytogenes, Kim et al.
(2008) observed reduction from approximately 7 log CFU/g to 5.36 log CFU/g within 10 min of 5
ppm aqueous ClO₂ treatment with light and continuous agitation. However, reduction similar to
the ClO₂ treatment was achieved after 10 min of washing with distilled water. This finding closer
resembles the L. monocytogenes reduction achieved in our study after 20 min of treatment. As only
30s of agitation was applied to treated samples at the start of treatment, greater reduction may have
been exhibited had continuous agitation been incorporated. Uninjured green peppers spot
inoculated with L. monocytogenes observed 3.7 log reduction after 30 min of 3 ppm aqueous ClO₂
treatment, far greater than our 30 min treatment result of 1.98 log CFU/cm² (Han et al., 2001). In
the same study, uninjured green pepper surfaces observed a 1.4 log reduction of L. monocytogenes
populations after 30 min of water washing. However, our findings after 30 min of water washing
(0.49 log CFU/cm²) showed more similarities to the 0.4 log reduction observed on injured green
pepper surfaces. L. monocytogenes inoculated (~6 log CFU/g) apples, whole lettuce, strawberries,
and cantaloupes treated with 5 ppm aqueous ClO₂ saw pathogen reduction to nondetectable levels
only after 5 min of treatment (Rodgers et al., 2004).
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Figure 3.5. Reduction of L. monocytogenes on sweet potato surfaces after 5 ppm aqueous ClO₂
treatment for 10, 20, and 30 min and water treatment at 22±1°C. The data are presented as average
counts ± Standard Error. Different letters on the top of the bar diagrams indicate significant
difference (P<0.05) in between the treatments.

3.3.4. Effect on Wash Water
The ClO₂ was effective on controlling bacterial levels from wash water (Figure 3.6). None
of the pathogens were recovered from aqueous ClO₂ treatment wash solutions following 10, 20,
and 30 min treatments. However, pathogens were detected up to 4.92 log CFU/ml from wash water
without ClO₂. Water treatment wash solutions for E. coli O157:H7 recovered the greatest pathogen
population from 4.16 to 4.92 log CFU/ml. Water treatment wash solutions from treating
Salmonella and L. monocytogenes recovered 3.81 to 3.96 log CFU/ml and 3.49 to 3.59 log
CFU/ml, respectively. These results suggest that using ClO₂ during the washing of sweet potatoes
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will significantly reduce the risk of cross contamination. In addition, ClO₂ concentrations were
below 3 ppm after 30 min of treatment, meeting the maximum residual surface concentration
approved by the FDA (FDA, 2018).
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Figure 3.6. Pathogens recovered from wash solution following 5 ppm aqueous ClO₂ treatment for
10, 20, and 30 min and water treatment at 22±1°C.

Post-harvest washing of root crops is important to remove soil and adhering organic
materials. However, it also increases the risk of cross contamination. Our result indicated that
using ClO₂ as low as 5ppm could significantly reduce the risk of cross-contamination during postharvest washing. Studies reported that contaminated wash water without sanitizers resulted in
greater levels of contamination with bacterial pathogens. Wash water contaminated with 6.7 log
CFU/ml of Salmonella spp. and 5.5 log CFU/ml of Erwinia spp., transferred 4.1 and 2.8 log
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CFU/cm² of Salmonella spp. and Erwinia spp., respectively to tomatoes within 1 min of washing
(Pao et al., 2007). However, no pathogens were recovered from tomatoes when washing with 5
ppm aqueous ClO₂ wash solution (Pao et al., 2007). In our study (Table 3.1), washing contaminated
and clean sweet potatoes in wash water without ClO₂ resulted in the recovery of 3.1 log CFU/cm²
of Salmonella spp. from clean, noninoculated sweet potatoes and 4.0 log CFU/ml from wash water.
Levels were below the detectable limit of the test in the wash water when washing with 5 ppm
aqueous ClO₂.
Tomas-Callejas et al. (2012) reported no recoverable E. coli O157:H7 and Salmonella
enterica sv. Typhimurium from noninoculated red chard baby leaves washed together with
inoculated red chard baby leaves when treated in both an immersion of 3 ppm aqueous ClO₂ and
aerated batch agitation wash containing 3 ppm aqueous ClO₂. Wash solutions also did not recover
any pathogens except in the case of centrifuged wash solutions, which recovered between 114 –
139 CFU/10 ml Salmonella colonies from both treatment models. Their findings support the usage
of aqueous ClO₂ as a strong controller of cross-contamination.
One limitation of our aqueous ClO₂ treatment was the lack of sustained liquid agitation.
During both treatments, samples were mildly agitated for 30 sec at the beginning and end of
treatment. Tomatoes treated with 5 ppm aqueous ClO₂ immersion wash combined with a spray
sanitizer flow rate of 9.3 ml/s decreased inoculated Salmonella levels by 4.5 to 5.0 log cycles after
10 – 60 sec of treatment (Pao et al., 2009). A longer and sustained mechanical agitation parameter
may have produced greater reduction of pathogens.
3.3.5. Pathogens recovered from noninoculated sweet potatoes
The use of 5 ppm aqueous ClO₂ during washing was effective in controlling the movement
of pathogens from inoculated to inoculated sweet potatoes. We found that no detectable levels of
S. enterica, E. coli O157:H7, and L. monocytogenes on noninoculated sweet potatoes treated with
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aqueous ClO₂ (Table 3.1.). However, noninoculated sweet potatoes treated with the water
treatment detected pathogens as high as 3.47 log CFU/cm² after 30 minutes. Pathogen levels
recovered from noninoculated sweet potatoes ranged from 2.38 to 3.47 log CFU/cm2 and did not
exhibit notable increases in pathogen levels with increasing treatment time.

Table 3.1. Cross-contamination of pathogens on noninoculated sweet potatoes washed together
with inoculated sweet potatoes with or without aqueous chlorine dioxide.

Pathogen
Salmonella

E. coli O157:H7

L. monocytogenes

Treatment Time
10
20
30
10
20
30
10
20
30

Recovery average of pathogens (log CFU/cm²)
Aqueous ClO₂
Water treatment
ND
3.40±0.0
ND
2.84±0.2
ND
2.84±0.1
ND
2.97±0.7
ND
2.95±0.5
ND
2.38±0.3
ND
3.00±0.6
ND
3.18±0.5
ND
3.47±1.1

ND = Not Detectable

3.4.

Conclusion
The application of chlorine dioxide at 5 ppm can reduce bacterial levels during post-harvest

washing of sweet potatoes. In addition, aqueous ClO₂ can control cross-contamination in wash
solutions, reducing the chances of introducing pathogens to uncontaminated sweet potatoes. Future
should incorporate longer and more vigorous agitation during treatment to better simulate
conditions in processing facilities as well as sensory studies to evaluate whether aqueous chlorine
dioxide at 5 ppm affects the desirable sensory qualities of sweet potatoes.
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4. EFFICACY OF GASEOUS CHLORINE DIOXIDE IN REDUCING
Salmonella, E. coli O157:H7, AND Listeria monocytogenes ON
STRAWBERRIES AND BLUEBERRIES
4.1.

Introduction
Recent health trends have indicated increasing consumer demand for fresh produce (GAO

2002). However, meeting greater fresh produce demands requires methods to control the growth
and cross-contamination of pathogens as foodborne outbreaks have been linked to the consumption
of fresh produce. Between 1973 to 1997, the CDC has reported 190 cases of foodborne outbreaks
implicating fresh produce (Sivapalasingam et al., 2004). The consumption of frozen strawberries
contaminated with Hepatitis A resulted in a multi-state foodborne outbreak within the United
States in 2016, with 143 individuals contracting the Hepatitis A virus across nine states (FDA,
2016). The European Union reported 1,589 Hepatitis A cases linked to the consumption of
contaminated mixed frozen berries between 2013 to 2014 (Severi et al. 2015). Post-harvest
sanitation is necessary to reduce produce-associated foodborne outbreaks.
Gaseous chlorine dioxide (ClO₂), a strong oxidizing agent, possesses 2.5 times greater
oxidizing capacity than Cl₂ with strong efficacy in reducing various pathogens at a wide pH range
(Benarde et al., 1965). When implemented at equal concentrations, gaseous ClO₂ has demonstrated
greater efficacy than aqueous ClO₂ with greater penetrative capabilities in small spaces less
accessible in the aqueous state. Gaseous ClO₂ is highly applicable in sanitizing soft and delicate
produce surfaces in addition to controlling mold growth, which may still occur on berries treated
with aqueous sanitizers (FDA, 2014). Previous studies using gaseous ClO₂ generators have
demonstrated strong efficacy in reducing E. coli O157:H7, L. monocytogenes, Salmonella spp. and
spoilage microbes on fresh strawberries, berries, raspberries, apples, green peppers, and lettuce
leaves (Du et al., 2003; Han et al., 2000; Han et al., 2001; Lee et al., 2004; Sy et al., 2005; Wu and
Kim, 2007). Past studies have focused on using high concentration of gaseous ClO₂ with short
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treatment times to demonstrate ≥3 log CFU/g pathogen reduction. However, these methods
necessitate high cost equipment beyond the means of small and medium sized producers. Using
gas-permeable sachets with dry ClO₂ producing reagents is a viable option for cheaper, low
concentration sanitation over longer treatment times that may be implemented at on-site at
processing facilities as well as during transport.
The objective of this study was to evaluate the efficacy of low concentration (3 to 5 ppm)
gaseous chlorine dioxide (ClO₂) treatment with gas permeable sachets in reducing the levels of
Salmonella, E. coli O157:H7, and Listeria monocytogenes on strawberries and blueberries.
4.2.

Materials and Methods

4.2.1. Produce Material
Fresh strawberries (Fragaria ananassa Duchesne) and blueberries (Vaccinium
corymbosum L.) were sourced from a local produce retailer (Baton Rouge, LA), stored at 4⁰C, and
used within two days of purchase.
4.2.2. Bacterial Strains
Several different outbreak strains of S. enterica, E. coli O157:H7, L. monocytogenes as
well as non-pathogenic strain of Enterococcus spp., were used in this study. These pathogenic
strains were provided by Dr. Michelle D. Danyluk at University of Florida.

A cocktail of

Salmonella enterica (Anatum strain 1715a Enteritidis PT 30 and Enteritidis PT 9c Strain
RM4635). Escherichia coli O157:H7 (Odwalla strain 223, CDC 658, and H1730), and Listeria
monocytogenes (101M serotype 4b, Scott A serotype 4b, and V7 serotype 1/2a) were used in this
study. All serotypes were routinely grown in tryptic soy broth (TSB, Hardy Diagnostics, Santa
Maria, CA) at 37°C for 24 h. The bacterial cultures were stored in glycerol (70:30, vol/vol,
culture:glycerol) at -80 °C prior to usage.
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4.2.3. Preparation of Inoculum
Frozen cultures were activated in three successive passes and harvested to an initial
inoculum of 8-9 log CFU/ml by following the procedure described by Adhikari et al. (2016).
Tryptic soy broth was used for the activation of S. enterica and E. coli O157:H7 and TSB with
0.6% yeast extract for L. monocytogenes. The cocktail of pathogens was prepared by mixing 10
ml of each serotype broth into 50 ml centrifuge tubes and vortexed for 2s. Cells were harvested
via centrifugation at 5000 rpm for 5 min and the supernatant was decanted. Cell pellets were
washed in 20 ml of sterile 1X Phosphate Buffer Saline (PBS) (Hardy Diagnostics, Santa Maria,
CA), centrifuged (Allegra X-15R, Beckman Coulter, Indianapolis, IN) at 5000 rpm for 5 min, and
resuspended in 5 ml of sterile 0.1% peptone water. The cocktail cell suspension was diluted and
adjusted to approximately (1 x10⁸ - 10⁹ CFU/ml). Colony Forming Units were obtained via plate
counts from inoculated selective media at incubated for 24h at 37oC.
4.2.4. Inoculation of Strawberries and Blueberries
Strawberries and blueberries were divided into 25 g batches on perforated silicone pans
and spot inoculated with 300 µl of the inoculum (1 x 10⁸ - 10⁹ CFU/ml) using a micropipette. The
inoculum was gradually introduced three times at a rate of 100 µl aliquots on the upper surface of
each produce to minimize inoculum loss from run off. The produce were then air dried for 120
min inside the biosafety cabinet to allow for bacterial attachment. The initial pathogen levels on
inoculated strawberries and blueberries were 5.7 to 7.6 log CFU/g.
4.2.5. Preparation of Gaseous ClO₂
Gaseous chlorine dioxide (ClO₂) was prepared by combining two dry components, sodium
chlorite (chlorine precursor) and ferric chloride (acid precursor) in equal parts into gas permeable
sachets (ICA TriNova, LLC, Forest Park, GA). The sachets were sealed and shaken for 15 s prior
to deployment. The weight of the sachet reagents was determined based on preliminary studies to
36

produce ClO₂ gas headspace concentrations close to 5 ppm for up to 3 h for both strawberries and
blueberries. Sachets for strawberry and blueberry sanitation were weighed at 1195.8 mg and 567.9
mg, respectively. This scales the sachet components’ weight to 63 and 30 mg/L based on the
volume of the gas treatment chambers for strawberry and blueberry treatments, respectively. The
sachets were used for treatment immediately following preparation.
4.2.6. Gaseous ClO₂ Treatment
Strawberries and blueberries inoculated with 5.7 to 7.6 log CFU/g of S. enterica, E. coli
O157:H7, or L. monocytogenes were placed in 18.9 L food grade gas plastic chambers on an
elevated perforated platform. Each bucket contained 100g of produce divided into four 25g
samples in perforated silicone pans. Air circulation was maintained using two fans positioned at
the top and bottom of the chambers. Gaseous ClO₂ sachets were placed on the side of chambers
above the produce samples and with each chamber sealed air tight to prevent gas leakage. Produce
samples were treated for 1, 2, and 3 hours at 22±1°C with controls using no gaseous ClO₂ treated
for 3 hours. The overhead gas concentrations were measured using a C-16 PORTASENS II gas
detector (Analytical Technology, Inc., Collegeville, PA) every 20 min for gas curve analysis.
4.2.7. Recovery of Pathogens and Microbiological Analyses
After treatment, treated produce samples were aseptically transferred into a stomacher bag
(Nasco Whirl-pak, Fort Atkinson, WI) with 100 ml sterile Dey-Engley (DE) neutralizing broth
(BD Difco, Sparks, MD). Samples were homogenized in a stomacher (Interscience BagMixer 400,
Worburn, MA) for 2 minutes. Serial 10-fold dilutions were prepared in 0.1% peptone water.
Dilutions were spread plated in duplicates on selective media with Xylose Lysine Deoxycholate
agar (XLD) (BD Difco, Sparks, MD) for S. enterica, Sorbitol MacConkey Agar (SMAC) (BD
Difco, Sparks, MD) supplemented with Cefixime-Tellurite Supplement (CT) (HiMedia
Laboratories, Mumbai, India) for E. coli O157:H7, and Oxford Agar base (BD Difco, Sparks, MD)
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for L. monocytogenes. Plates were incubated at 37°C for 24 h. Enumerated colony results were
expressed as log CFU/g.
4.2.8. Statistical Analysis
The data was analyzed by ANOVA test using SAS with Tukey tests to determine mean
differences (p < 0.05). All treatments were performed in duplicates.
4.3.

Results and Discussion

4.3.1. Effects of gaseous ClO₂ on E. coli O157:H7
The effect of 3 to 5 ppm gaseous ClO₂ treatment on reducing E. coli O157:H7 populations
on strawberry and blueberry surfaces was investigated with treatment times ranging from 1 to 3 h
at 22±1°C. Gaseous ClO₂ treatments on strawberries achieved statistically similar log reductions
(P>0.05) of E. coli O157:H7 during all treatment times with 3 h of gaseous ClO₂ treatment
resulting in a pathogen reduction of 2.04 log CFU/g. Gaseous ClO₂ treated blueberry samples
observed similar results with all treatment times observing statistically similar levels of pathogen
reduction. Likewise to the strawberry treatment results, blueberry samples observed a pathogen
reduction of 2.29 log CFU/g after 3 h of gaseous ClO₂ treatment. The control had no significant
impact on reducing E. coli O157:H7 populations on strawberry (0.21 log CFU/g) and blueberry
samples (0.21 log CFU/g).
The results indicate that treating strawberry and blueberry surfaces with gaseous ClO₂ at 3
to 5 ppm is more effective in reducing E. coli O157:H7 populations than using no treatment.
Additionally, increasing treatment time does not yield statistically different levels of reduction.
Using batch ClO₂ gas treatment, Han et al. (2004) observed reductions in E. coli O157:H7
populations on strawberries during short treatments. E. coli O157:H7-inoculated strawberries had
decreases in pathogen populations by 1.2 and 2.4 log CFU/strawberry after 15 and 30 min of 0.2
mg/L gaseous ClO₂ treatment, respectively. With 0.6 mg/L of gaseous ClO₂ treatment, pathogen
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levels decreased by 1.9 and 3.0 log CFU/strawberry after 15 and 30 min, respectively. As the study
was conducted using a ClO₂ generator, shorter treatment times resulted in pathogen population
decreases comparative to the ClO₂ gas released from gas-permeable sachets used in our study over
longer treatment times. In addition, gas sachets can maintain steady gas concentrations over longer
periods of time as the aforementioned batch method experienced gas concentration degradation of
20 – 30% after 30 min compared to a similar decrease in gas concentration from 4.9 to 3.3 ppm
using gas sachets but after 3 h. Small produce such as blueberries are often packaged in perforated
clamshells before market distribution. Sun et al., 2014 treated blueberries inoculated with E. coli
inside perforated clamshells with 0.3 g ClO₂ gas-releasing pads. After 9 days of storage at 10°C,
E. coli levels decreased by 2.2 to 3.3 log CFU/g while maintaining adequate sensory qualities,
indicating the efficacy of ClO₂ released from gas sachets as an easily-deployable sanitizing agent
for bulk sanitation and storage in the commercial setting (Han et al., 2004). Gaseous ClO₂
treatment has shown great levels of E. coli O157:H7 reduction populations on injured green pepper
surfaces compared to our findings on strawberry and blueberry treated samples. After 30 min of
0.62 and 1.24 mg/L gaseous ClO₂ treatment, E. coli O157:H7 levels were reduced by 2.33 and
5.75 log CFU/g on injured surfaces, respectively (Han et al., 2000).
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Figure 4.1. Reduction of E. coli O157:H7 on strawberry surfaces after 3 to 5 ppm gaseous ClO₂
treatment for 1, 2, and 3 h and control at 22±1°C. Control treatment chambers did not contain ClO₂
gas sachets. The data is presented as average counts ± Standard Error.
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Figure 4.2. Reduction of E. coli O157:H7 on blueberry surfaces after 3 to 5 ppm gaseous ClO₂
treatment for 1, 2, and 3 h and control at 22±1°C. Control treatment chambers did not contain ClO₂
gas sachets. The data are presented as average counts ± Standard Error.
4.3.2. Effects of gaseous ClO₂ on L. monocytogenes
The effect of 3 to 5 ppm gaseous ClO₂ treatment on reducing L. monocytogenes populations
on strawberry and blueberry surfaces was investigated with treatment times ranging from 1 to 3 h
at 22±1°C. Gaseous ClO₂ treatments on strawberries achieved the greatest pathogen reduction after
3 h of treatment (3.46 log CFU/g), statistically greater (P<0.05) than 1 h (1.94 log CFU/g) and 2 h
(2.17 log CFU/g) treatments. This 3 h result was the highest level of pathogen reduction achieved
in this study. The 1 h and 2 h treatment results were statistically similar in the log reductions
(P>0.05) of L. monocytogenes on strawberry surfaces. Gaseous ClO₂ treated blueberry samples
observed the greatest decrease in pathogen reduction after 2 h (2.67 log CFU/g) of treatment
compared to 1 h (0.90 log CFU/g) and 3 h (2.14 log CFU/g) treatments. Both 2 and 3 h treatment
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times were significantly higher in pathogen reduction on blueberries compared to the 1 h treatment.
The control had no significant impact on reducing L. monocytogenes populations on strawberry
(0.25 log CFU/g) and blueberry samples (0.14 log CFU/g).
The results indicate that treating strawberry and blueberry surfaces with gaseous ClO₂ at 3
to 5 ppm is more effective in reducing L. monocytogenes populations than using no treatment.
Additionally, increasing treatment time does yield greater levels of pathogen reduction on straw
blueberry and blueberry surfaces with significant differences after 3 h and 2 h of gaseous ClO₂ on
strawberry and blueberry surfaces, respectively.
Gaseous ClO₂ treatment was comparative to 5 ppm aqueous ClO₂ treatment of L.
monocytogenes-inoculated blueberries after 2 h of treatment. Wu and Kim (2007) found that 2 h
of aqueous ClO₂ treatment reduced pathogen levels by 2.57 log CFU/g, similar to our gaseous
ClO₂ result of 2.67 log CFU/g pathogen reduction after 2 h gas treatment. Gas treatment offers
better potential mold and fungal control than aqueous ClO₂ as liquid sanitation promotes the
growth of spoilage microbes (FDA, 2014). Using batch ClO₂ gas treatment, Han et al. (2004)
observed reductions in L. monocytogenes populations on strawberries during short treatments. L.
monocytogenes-inoculated strawberries reduced in pathogen populations by 1.8 and 2.8 log
CFU/strawberry after 15 and 30 min of 0.2 mg/L gaseous ClO₂ treatment, respectively. With 0.6
mg/L of gaseous ClO₂ treatment, pathogen levels decreased by 2.6 and 3.6 log CFU/strawberry
after 15 and 30 min, respectively. Our study achieved similar results (3.46 log CFU/g) after 3 h of
treatment compared to 30 min of 0.6 mg/L of batch ClO₂ gas treatment. As the study was conducted
using a ClO₂ generator, shorter treatment times resulted in pathogen population decreases
comparative to the ClO₂ gas released from gas-permeable sachets used in our study over longer
treatment times. As previously mentioned, the gas sachets were able to maintain ClO₂
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concentrations over a longer period of time compared to using the batch gas method. Green
peppers treated with a higher concentration of gaseous ClO₂ achieved greater levels of pathogen
reduction compared to our results. L. monocytogenes-inoculated uninjured green peppers treated
with 3 mg/L of gaseous ClO₂ reduced pathogen levels by 6.68 log CFU/g after 10 min (Han et al.,
2001). Injured green peppers, however, observed similar levels of reduction after 10 min compared
to our strawberries after 3 h of gas treatment. After 10 min of 3 mg/L gaseous ClO₂ exposure, L.
monocytogenes levels on injured green pepper were reduced by 2.90 log CFU/g, similar to 3.46
log CFU/g of pathogen reduction on our sanitized strawberries after 3 h.
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Figure 4.3. Reduction of L. monocytogenes on strawberry surfaces after 3 to 5 ppm gaseous ClO₂
treatment for 1, 2, and 3 h and control at 22±1°C. Control treatment chambers did not contain ClO₂
gas sachets. The data are presented as average counts ± Standard Error.
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Figure 4.4. Reduction of L. monocytogenes on blueberry surfaces after 3 to 5 ppm gaseous ClO₂
treatment for 1, 2, and 3 h and control at 22±1°C. Control treatment chambers did not contain ClO₂
gas sachets. The data are presented as average counts ± Standard Error.
4.3.3. Effects of gaseous ClO₂ on Salmonella
The effect of 3 to 5 ppm gaseous ClO₂ treatment on reducing S. enterica populations on
strawberry and blueberry surfaces was investigated with treatment times ranging from 1 to 3 h at
22±1°C. Gaseous ClO₂ treatments on strawberries achieved statistically greater log reductions
(P<0.05) of S. enterica after 2 (2.23 log CFU/g) and 3 h (2.94 log CFU/g) of treatment time
compared to 1 h (0.91 log CFU/g) of treatment with 3 h of gaseous ClO₂ treatment resulting in the
greatest log reduction. Gaseous ClO₂ treated blueberry samples observed increasing levels of
pathogen reduction with increasing treatment time but no significant difference (P>0.05) in
pathogen log reduction between all treatment times. Contrary to the strawberry treatment results,
blueberry samples observed no significant difference in pathogen reduction at all treatment times
with gaseous ClO₂ (1.48 - 2.21 log CFU/g). The control had no significant impact (P>0.05) on
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reducing E. coli O157:H7 populations on strawberry (0.27 log CFU/g) and blueberry samples (0.33
log CFU/g).
The results indicate that treating strawberry and blueberry surfaces with gaseous ClO₂ at 3
to 5 ppm is more effective in reducing S. enterica populations than using no treatment.
Additionally, increasing treatment time does yield statistically different levels of S. enterica
reduction on strawberry surfaces but not on blueberry surfaces.
Salmonella-inoculated strawberries and blueberries treated with high concentrations (4.1,
6.2, and 8.0 mg/L) of ClO₂ gas observed high levels of pathogen reduction on skin surfaces during
treatment. After 30 and 60 min of 4.1 and 6.2 mg/L ClO₂ gas treatment respectively, pathogen
levels on strawberry surfaces were reduced 2.32 and 3.33 log CFU/g respectively, similar to our 2
h (2.23 log CFU/g) and 3 h (2.94 log CFU/g) treatment results at a lower concentration. In the
same study, Salmonella-inoculated blueberry skin surfaces observed greater levels of pathogen
reduction after 30 min – 2 h of ClO₂ gas treatment (4.1 – 8.0 mg/L gas). However, similar results
were found on Salmonella-inoculated blueberry calyx surfaces with 2.20 – 2.44 log CFU/g of
reduction between 30 min – 2 h of treatment compared to our results after 3 h of treatment. Calyx
surfaces on blueberries may protect and harbor pathogens better during sanitation due to better
bacterial attachment on rough calyx surfaces when compared to the smoother skin surfaces of
blueberries. In our study, blueberries were spot inoculated on all surfaces, including the calyx,
which resulted in potentially lower levels of reduction than if only the skin surfaces were
inoculated (Sy et al., 2005). Gaseous ClO₂ treatment was comparative to 5 ppm aqueous ClO₂
treatment of S. Typhimurium-inoculated blueberries after 2 h of treatment. Wu and Kim (2007)
found that 2 h of aqueous ClO₂ treatment reduced pathogen levels by 1.58 log CFU/g, similar to
our gaseous ClO₂ result of 1.63 log CFU/g pathogen reduction after 2 h gas treatment. Gas
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treatment offers better potential mold and fungal control than aqueous ClO₂ as liquid sanitation
promotes the growth of spoilage microbes (FDA, 2014).

3.5

Reduction (Log CFU/g)

3
2.5
2

1.5
1
0.5
0
Control

1 Hour
2 Hour
Treatment Time

3 Hour

Figure 4.5. Reduction of S. enterica on strawberry surfaces after 3 to 5 ppm gaseous ClO₂ treatment
for 1, 2, and 3 h and control at 22±1°C. Control treatment chambers did not contain ClO₂ gas
sachets. The data are presented as average counts ± Standard Error.
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Figure 4.6. Reduction of S. enterica on blueberry surfaces after 3 to 5 ppm gaseous ClO₂ treatment
for 1, 2, and 3 h and control at 22±1°C. Control treatment chambers did not contain ClO₂ gas
sachets. The data are presented as average counts ± Standard Error.

4.3.4. Gas concentration curve
Gaseous ClO₂ overhead concentrations at 22±1°C for strawberries averaged 4.95±2.19,
4.25±1.85, and 3.32±1.73 ppm for 1, 2, and 3 hours, respectively. Similar concentrations were
detected for blueberries, averaging 3.94±1.98, 4.16±1.56, and 3.73±1.33 ppm 1, 2, and 3 hours.
Average gas concentration for strawberry and blueberry treatment chambers peaked after 60 min
and 80 min, respectively. Average gas concentrations remained between 3 to 5 ppm in the gas
phase, which in practice meets the permitted maximum of 3 ppm residual surface concentration
according to FDA regulations after allowing ClO₂ gas to dissipate on produce surfaces (FDA,
2018).
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Figure 4.7. Gas concentration of chlorine dioxide (ClO₂) released from gas-permeable sachets at
22±1°C during treatment (20-180 min) of strawberries (■) and blueberries (▲).

4.4.

Conclusion
Our results indicate that gaseous ClO₂ delivered in gas permeable sachets at low

concentrations (3 to 5 ppm) can significantly reduce pathogens on strawberries and blueberries
during post-harvest sanitation. The simplicity and efficacy of ClO₂ gas sachet deployment may be
highly applicable to smaller producers requiring a cost-effective sanitation method. Future
research should investigate the application gaseous ClO₂ treatment on strawberries and blueberries
at lower temperatures to improve produce sensory qualities during post-harvest processing.
4.5.
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5. CONCLUSIONS
The results of both studies have demonstrated chlorine dioxide’s ability to reduce pathogen
levels on produce surfaces in both aqueous and gaseous forms. In its aqueous form, ClO₂ at a
concentration of 5 ppm reduced Salmonella, E. coli O157:H7, and Listeria monocytogenes levels
significantly (P<0.05) within 10 min of treatment. Furthermore, the sanitizer also prevented crosscontamination on noninoculated sweet potatoes treated alongside pathogen-inoculated sweet
potatoes. At 5 ppm, aqueous ClO₂ reduced pathogen levels to undetectable levels in wash solutions.
Without ClO2, wash water was contaminated with E. coli O157:H7 by 5 log CFU/ml and 3.5 to 4
log CFU/ml of Salmonella and L. monocytogenes, respectively when treating contaminated sweet
potatoes. Aqueous ClO₂ at low concentrations is an effective sanitizer for the post-harvest
treatment of sweet potatoes as well as an excellent controller of cross-contamination in wash
solutions. Future studies should consider investigating the pathogen reduction efficacy of 5 ppm
aqueous chlorine dioxide on sweet potatoes under adequate constant agitation to simulate
conditions similar to processing facilities.
Low concentration (3 to 5 ppm) gaseous ClO₂ was most effective in sanitizing pathogens
from strawberry and blueberry surfaces after two to three hours of treatment. Pathogen reduction
on strawberries inoculated with E. coli O157:H7, Listeria monocytogenes, and Salmonella ranged
from 2.0 to 3.5 log CFU/g after 3 hours of gas treatment. Blueberry samples inoculated with the
aforementioned pathogens exhibited a much closer range of pathogen reduction from 2.1 to 2.3
log CFU/g. Without treatment, no significant (P>0.05) reduction of pathogen levels was detected,
reducing pathogen levels only by an average of 0.2 log CFU/g for both strawberries and
blueberries. Gas-permeable sachets were able to maintain gaseous ClO₂ concentrations between
3.3 to 5.0 ppm for up to 3 h of treatment, demonstrating its efficacy in long duration sanitation
without great loss in gas concentration. The usage of gas-permeable sachets may be a viable option
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for smaller producers in need of an inexpensive sanitation system for softer fresh produce that may
not benefit from aqueous sanitation. Future research should consider investigating 3 to 5 ppm
gaseous chlorine dioxide treatment of strawberries and blueberries under colder conditions using
gas sachets to address concerns of high temperatures during harvest and holding affecting produce
sensory qualities and shelf life.
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